The arrival of new surgical transplantation techniques, such as split living donor or auxiliary liver transplantation, have increased the incidence of vascular and biliary complications. The causes, symptoms, and diagnostic modalities of arterial, portal caval, and biliary complications are detailed. Interventional techniques, such as balloon angioplasty and stent placement in the arterial and portal tree, as well as biliary interventional techniques, are discussed.
Introduction
Liver transplantation is now widely accepted as the goldstandard treatment of advanced chronic liver disease, acute liver failure, and of some metabolic liver disorders. During the past 10 years, improvements in immunosuppressive techniques, as well as sophisticated surgical techniques, have improved patients' short-and long-term survivals. According to the United Network of Organ Sharing (UNOS) 2000 report, 26,652 liver transplants were performed in the United States from 1990 to 1998 with 1-and 5-year survival rates of 87 and 74%, respectively [1] . Actuarial 1-, 5-, and 10-year survival rates were 79, 67, and 57%, respectively, in a recent publication of over 4000 transplantations [2] . The time period associated with the highest risk of mortality is the first year after transplantation particularly in the first 3 months due to graft dysfunction, technical problems due to vascular and/or biliary complications and infections [3] . In a context of organ shortage, interventional radiology is used to manage vascular and biliary complications in order to avoid retransplantation or to provide a bridge until a suitable donor is available. In the most recent surgical techniques, such as split liver transplant, living donor transplantation or auxiliary transplantation, the incidence of vascular and biliary complications increases with the surgical complexity.
The aim of our article is to review the different strategies and techniques available in interventional radiology for the treatment of these complications.
Arterial complications
In liver transplant, liver receives oxygen both from the portal vein and the hepatic artery; however, the biliary tree is fed only by the hepatic artery as a contrary to native liver where very rich arterial network coming from choledochal branches originating from the posterior pancreatico-duodenal arcade but also from the capsular branches protect the biliary tree from ischemia. This is why the patency of hepatic arterial vessels are of crucial importance after liver transplantation. Arterial complications can be divided into early arterial thrombosis occurring in the first month after transplantation, late arterial thrombosis occurring after this delay, hepatic artery stenosis, and steal syndrome from the splenic or gastroduodenal artery. Recent publications report a rate of hepatic artery thrombosis of 6.8%, one-third in the first month after transplantation and two-thirds after this delay [4] . A similar amount of hepatic artery stenosis is reported [5] . Factors associated with hepatic artery stenosis and thrombosis are numerous. Risk is increased in children particularly in infants under 12 months [6] . Technical problems related to a small recipient, retransplantation, arterial anastomosis to an old conduit, and reconstruction of anatomic variation of the donor hepatic artery may be responsible. Other factors, such as recipient negative cytomegalovirus status, biopsy proven rejection in the first week, combination of female donor and male recipient have also been advocated [4, 7, 8] .
Hepatic artery steal syndrome from the splenic or gastro-duodenal artery is a more recently studied entity. It is defined by a decreased perfusion in the hepatic artery due to a diverted blood flow either in a large splenic or gastroduodenal artery. While it is found in 5.9% of patients, its role in the liver ischemia is still debated. Furthermore, its treatment remains complex, with a high rate of complications a after splenic ligation or embolization requiring re-transplantation in 18% of cases [9] .
Clinical presentation of hepatic arterial occlusion is variable and depend of many factors. The delay of arterial complication is of critical importance. Hepatic artery thrombosis occurring in the first month may have a mortality rate as high as 55%, whereas it decreases to 15% if thrombosis occurs after this period [4] . The age of the patients is also very important. In children, hepatic artery complications are more frequent but are claimed to have less consequence mainly in they occur late after transplantation. Probably children have more facilities to revascularize the liver through all the adhesions of the graft to the diaphragm, and other adjacent organs [10] . In adults, even in the late phase after transplantation, hepatic artery occlusion may induce severe biliary complications such as biliary necrosis, biliary leak or liver abscesses [11, 12] . The range of clinical symptoms goes from acute liver failure and death to biliary anastomotic stenosis. But most of clinical and biological symptoms are related to the biliary tree. Biliary ischemia may have very discrete presentation limited to anastomotic stenosis or leak. But ischemia may have disastrous consequence with diffuse biliary lesions associating stenosis and cast formations made of endothelial desquamations [13] .
The role of Doppler US is of critical importance in the follow-up of transplanted patients. Hepatic artery stenosis or thrombosis should be depicted as soon as possible. Doppler studies must be repeated very frequently in the early post-operative period, even every day as long as the patient is still in the hospital [14] . Thereafter, it should be done in a repeated fashion, even if patient has no clinical or biological symptoms. Diagnostic performance of sonographic studies are good if the method is adequate. Exploration of the right, left, and common hepatic artery must be done. Doppler curves must be registered and resistive index and systolic ascending time calculated. A resistive index below 0.5 and a systolic ascending time superior to 8 ms corresponding to the socalled tardus-parvus wave form have an excellent sensitivity for hepatic artery stenosis [15] . In the pediatric population, Doppler false-negative cases with normal wave forms and hepatic artery occlusions were demonstrated due to the development of arterial collaterals [10] . In the adult population, the rate of false-negative cases ranges from 3 to 19% [15, 16] . Recent developments, such as contrast-enhanced US, may improve these results in the near future [17] .
Treatment options for symptomatic hepatic artery thrombosis are surgical revascularization in the early phase or retransplantation [4, 7, 8] . Endovascular treatment of hepatic artery thrombosis has been recently reported in case reports or small series in the early phase after transplantation [18, 19, 20] . Despite the risk of bleeding due to the post-operative periods, these authors used fibrinolytic therapy followed by balloon angioplasty or stent placement. There is no severe complication reported by these authors using this technique.
Treatment of hepatic artery stenosis is more debated because a higher number of patients are asymptomatic at the moment of the diagnosis. Arguments for the treatment are numerous. Firstly, it has been demonstrated that stenosis may evolve to hepatic thrombosis even though one case demonstrated spontaneous resolution [21] . Secondly, symptom improvement and liver-test amelioration have been demonstrated after stenosis correction [20, 22, 23, 24, 25, 26] . Thirdly, Abbasoglu et al. [5] reviewed survival and graft patency of patients with hepatic artery stenosis after transplantation, and they discovered that hepatic artery stenosis, if not treated, double the rate of biliary complications known to reduce life and graft expectancy. This was also observed by Orons et al. who found a 67% incidence of biliary abnormalities in patients with hepatic artery stenosis as compared with 11% in control group [27] . Finally, Abbasoglu et al. [5] demonstrated also that patients with hepatic artery stenosis treated by means of surgical or radiological procedures, whether or not they are symptomatic when they have been diagnosed, have the same graft and life expectancy than patients with patent hepatic artery. Different treatment have been proposed such as surgical reconstruction using various protocols (end-to-end anastomosis up to graft interposition), or percutaneous methods. Percutaneous balloon dilatation has been proposed a few years ago [23] . From this first publication using 5-F balloon catheters, technical improvements, such as monorail material, 0.014-in. guide wires, guiding catheter, and stents derived from the cardiological field has allowed to treat more complex lesions such as dissection, occlusion or stenoses occurring in very tortuous vessels (Fig. 1) [20, 22] .
From the different series (Table 1) , biological and clinical improvements have been described after hepatic artery stenosis endovascular treatment [20, 22, 24, 26, 28] ; however, some patients do not improve or even continue to worsen after correction. From the literature there are no criteria to decide who will benefit or not from this treatment. Restenosis has also been demonstrated after endovascular treatment both at the treated site and at other locations [22] . Series are difficult to compare, and since the follow-up technique does rarely include the gold standard angiography [22] , Doppler is more commonly used but carries the risk of false-negative results.
Portal complications
The rate of portal complications in orthotopic transplantation has been reported to be very low. In a large review of 393 consecutive orthotopic liver transplantations, the rate of post-transplantation portal thrombosis was found in 1.8% of cases despite previous recipient portal vein abnormalities found in 16.3% of cases (including portal vein thrombosis, sclerosis, and hypoplasia) [29] . In these series, factors that increased the risk of portal vein complications were a pre-existing portal vein thrombosis or hypoplasia and large porto-caval collateral. Porto-portal anastomosis stenosis or thrombosis may be silent if large porto-portal collateral develop in the liver hilum, but in most cases symptoms of portal hypertension reoccur in that situation [30] .
This situation has changed with the development of both pediatric liver transplantation and with the use of reduced-size liver transplant and by living-relative transplant using segments II and III from a living-relative donor. The portal vein anastomosis is technically challeng- 34, 35, 36, 37, 38] . The method consists of a percutaneous approach of a portal branch in the liver, whereas transjugular approach has been reported by some authors [39] . The right approach is preferred in case of full-size liver graft because of a more straight approach to the anastomotic site. In case of reduced liver, a left portal branch is punctured. A balloon is inflated on the stenotic site after pressure measurement across the stenosis. If portography is satisfactory after the procedure, or if the gradient is below 5 mm/Hg, then the procedure is finished. If there is a recoil or if the pressure gradient is higher than 5 mm, a stent is implanted across the stenosis. The long-term patency in the study of Funaki et al. [36] shows that stenosis reccurred after a mean followup of 6.3 months in 50% of balloon venoplasty. Stent patency showed to be excellent with a 100% patency rate after 47 months of mean follow-up (Fig. 2) . Symptoms disappeared completely in all cases where the treatment could be done. Cases of portal vein occlusions have also been treated by a combination of chemical thrombolysis and stent placement with a good success [40, 41] . The use of mechanical fragmentation have also been reported [41] .
Caval complications
Of all vascular complications occurring after orthotopic liver transplantation (OLT), caval complication is the most rare accounting for less than 1% of patients [42] . The "piggyback" technique is the most commonly used technique since it preserves the inferior vena cava and carries a low rate of complications [43] . In living-relative and other partial liver reconstruction, the rate of 434 Fig. 2a-d A 45 -year-old patient suffers from recurrent variceal bleeding 3 months after orthotopic liver transplantation (OLT). a Contrastenhanced CT at the level of the liver hilum demonstrates small intra-hepatic branches associated with periportal edema. b Portography performed by a trans-hepatic route shows complete obstruction of the portal vein in the hilum. c After recanalization, angiogram performed upstream shows dilated superior mesenteric vein and revers-ed inferior mesenteric vein. d After stent placement, the flow is now rerouted in the recanalyzed portal vein. Note that the inferior mesenteric vein is no longer reversed venous outflow obstruction is higher and reported in up to 3.9% [44] . Hepatic outflow obstruction can be related either to a preexistent venous disease, such as in patients with Budd-Chiari syndrome, or in children with biliary atresia. Surgeons there need to perform atypical caval anastomosis which are more prone to delayed complication. The other category is venous anastomotic stricture. Symptoms are similar to a Budd-Chiari syndrome with ascitis and graft failure. This complication can be recognized with certain delay, because in patients who were transplanted for chronic liver disease and ascitis, ascitis can persist for a few weeks after OLT and preclude diagnosis of venous complication.
Diagnosis of these complications is usually done by means of Doppler studies. In these cases, thrombosis of the hepatic vein can be found but more frequently a slow demodulated flow in found in the hepatic veins. Stenotic site can also be found using Doppler sonographic study.
Endovascular repair is preferred by transplantation team because surgical repair is complex and necessitates complete dissection of the graft and even a transdiaphragmatic route. Technique of endovascular repair consist in catheterism of the venous stenosis. Depending on Doppler result, femoral or jugular route will be chosen. We prefer to use a femoral approach in case of side-to-side caval anastomosis. In case of end to side or in case of cavoatrial anastomosis, a jugular approach is more convenient. The procedure is usually performed under local anesthesia. After catheterism, pressure measurement is mandatory to confirm hemodynamic consequence of the stenosis. A gradient >5-6 mm/Hg is usually considered to be sufficient to induce symptoms [45] . In most series as in our experience, the use of stent is almost systematic (Fig. 3) because of the fibrous nature of surrounding tissue leading to immediate recoil after balloon angioplasty [35, 42, 45] . We used balloon expandable stents in this situation which offers two advantages in case of hepatic venous outflow obstruction. Their placement may be very precise, and they can be redilated, if mandatory, according to gradient measurements.
Inferior vena cava syndrome can be observed in the early post-operative period because of compression of the inferior vena cava by the graft in case of small recipients or due to torsion of the inferior vena cava. These symptoms can be alleviated by insertion of Gianturco stents in the inferior vena cava [46] . 435 Fig. 3a-c A 56 -year-old woman was readmitted for persistent medicoresistant ascitis 1 month after OLT. a Hepatic phlebography and pressuregradient measurement shows stenosis of the cavo-caval anastomosis with a high-pressure gradient. b After stent placement, the gradient has disappeared. c Ultrasound of the hepatic vein ending demonstrates a patent stent over the stenosis 3 years after treatment
Biliary complications
Biliary complications of some type occur in between 10 and 25% of liver transplantations [13, 47, 48] . This frequency is increased up to 25% in case of recipients of reduced-size grafts because segmental biliary anastomosis by hepatico-jejunostomy must be carried out in number of patients [49] . The vast majority appear within the first 3 months. Approximately half of them are involving only the anastomotic site and consist of bile leaks and anastomotic strictures. Virtually, all these early complications have a technical origin related to an ischemic necrosis of the end of the bile duct or a technically unsatisfactory anastomosis. The presence of a T-tube does not seem to reduce this rate of complications [50] . Stenosis are amenable to percutaneous drainage using large-bore catheters endoscopic drainage with good long-term success (Fig. 4) [51, 52] . Basic technique consists of a initial balloon biliopasty followed by long-term drainage, either endoscopic or percutaneous, during 1 year with frequent changes of drains or stents to avoid silent occlusions [51] . Duration of the long-term drainage is variable from one center to another, some choose to drain only during a short period of time after bilioplasty, but it requires more frequent treatment sessions (from one to three sessions) [53] . The success rate is approximately 70-80% in both endoscopic and percutaneous series and the rate of complications is similar (5-8%). To our knowledge, there is no randomized study comparing percutaneous to endoscopic approach in those indications. The use of partial liver transplantation increases the rate of hepaticojejunostomy. As a consequence, anastomotic stenoses are treated percutaneously since it could not be reached endoscopically.
Management of leaks requires antibiotherapy, bilioma drainage, and biliary drainage. Biliary leaks related to a T tube or to a cystic duct are managed successfully from a percutaneous or endoscopic approach in most cases. On the other hand, anastomotic leaks related to biliary necrosis at the anastomotic site tend to respond less to non-operative management and require a Roux-in-Y anastomosis in 33% of cases [54, 55] . Our policy for leak management is to adopt the same technique as Ernst et al. [56] . We drain with a large internal drain of 12 F. The drain is left in internal drainage and is controlled every month. As soon as the leak is healed and if there is no stenosis, the drain is withdrawn. If a stenosis is associated, it is dilated and the drain is left in place for 12 months.
Late biliary complications may appear months or years after transplantation. Their incidence is clearly associated to arterial thrombosis in 85% of cases [48] . Late biliary complication have some specific characteristics, and they are typically chronic problems that tends to persist or reccur after temporizing measures. Secondly, the localization of lesions is different from early complications. Because the mechanism (ischemic, cytomegalovirus infection, long cold ischemia exceeding 12 h) causes 436 Fig. 4a-c A 48 -year-old patient transplanted 6 months previously is readmitted for recurrent jaundice episode. a Plain CT demonstrates hyperdense material within the biliary confluence. b Percutaneous cholangiography demonstrates no dilatation of the intrahepatic bile duct despite the filling of the biliary confluence by occlusive casts associated with a stenosis of the biliary anastomosis. c Cholangiogram obtained 1 year later diffuse lesions of the biliary tree, extensive intrahepatic, or hilar lesions may be found in that context more or less associated to sludge and desquamation debris in the lumen of bile ducts [57] . Debris and sludge can be managed percutaneously by flushing technique out of the biliary system or by associated lithotripsy necessitating a cholangioscopic equipment. These complications necessitate the extensive use of antibiotics during manipulations because of the risk of biliary infection and septic shock.
Diagnosis of late biliary complications carries some difficulties. Despite multiple stenosis, the biliary tree may not dilate causing false-negative US examinations. As a consequence, other modalities, such as MRCP, should be considered for the diagnosis [58] . Results of percutaneous or endoscopic drainage of hilar or diffuse intrahepatic stenosis shows that recurrence of stenosis is observed in more than 66% of cases [59, 60] . Factors that increase success rate are strictures developing within the first 3 months after transplantation, absence of hepatic artery thrombosis of cytomegalovirus infection, and of ductopenic rejection.
Management of fluid collections
Collections around the transplant are a common event in the postoperative period and may have multiple origins that may or not be associated. Collected ascitis, hematoma, and biliary leak are the most common causes. There is no definite argument on CT or ultrasound to differentiate these mechanisms. Percutaneous drainage is mandatory only is there are arguments for an infection of the collection. It should be attributed to biliary drainage when a fistula is proven on chemical analysis of the fluid.
Conclusion
Interventional radiology has progressed in all the fields of transplantation vascular and biliary complications. With the arrival of the new transplantation techniques, these complications are more frequent, and radiologists can expect to be solicited more often for their treatment.
